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official Department of the Army position, unless so designated
by other authorized documents.

Mention of any trade names or manufacturers in this report
shall not be construed as advertising nor as an cfficial
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FOREWORD

The Aluminum Company of America, Alcoa
Technical Center, Alcoa Center, PA 15069, prepared
this report to satisfy the requirements of U.S.
Army Contract DAAA25-73-C-0657. The Alcoa personnel
respensible for this program were Mr. J. E. Vruggink,
principal investigator; Dr. B. K. Park, technical
assistance in the area of microstructural interpre-
tation; and Dr. R. E. Frishmuth, technical assist-
ance in the area of notch sensitivity. The
investigation was supervised by Messrs J. T. Staley
and H. Y. Hunsicker. The Frankford Arsenal contract
technical supervisor was Dr. Jeffrey Waldman and
the Tank Automotive Research and Development Command
Project Engineer was Mr. Harry Spiro.
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. INTRODUCTION

Medium strength, high toughness aluminum alloys have been
widely used in armor plate applications due to their good resistance

to kinetic energy impact rounds. Indications are that resistance

to penetration is increased with increases in strength, but that
3 the reduced toughness levels accompanying significant increases in

strengths achieved by conventional alloying and fabrication are not

Ruch S

o =

sufficient to prevent plate cracking and shattering. To take

eI
”

advantage of the yreater potential penetration resistance resulting

Ey

M

T9EED
By

from higher strengths, increases in tha toughness level of the

P

e

nigh-strength aluminum alloys are required. é

—r

Eys

The aluminum industry has made significant advances in \g

Qe

Saras

increasing fracture toughness at high strength levels in 2XXX and

S

3 . 7XXX aircraft structure alloys, i.e., 2419, 2124, 2048, 7149, 7050,
7175, and 7475, by refining alloy chemistry ané introducing special

5 processing. The increase in fracture toughness by reduction or

4 elininaticn of both soluble and insolukle constituents (second-phase
4 particles) present in the alloy structure has been kroadly successful,

but further substantial improvements derived solely by changes in

. . alloy chemistry for the basic alliy systems are not considered as

offering a high probabkility of achievement at the present time.
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Moreover, ballistic evaluations of alloys of these types have shown

O,

=IO Y

no consistently significant improvement in ballistic performance

A over that af{ovrded ky the aluminum alloys presently used for armor %
4 P . . %‘
s plate. Consequently, a new approach is needed. %
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Modifications in the grain structure of high-strength

alloys have shown promise as a way to develop improved combinations

of strength and ductility.

Plate commercially available today of both sta- "ard and
high toughness varieties of the 7XXX alloys, hot rolled to final
gauge, has typically an unrecrystallized, highly elongated lamellar
grain structure and has fracture toughness in the short-transverse
direction which is lower than the fracture toughness in the longi-
tudinal an@ long-transverse directions. Recently, DiRusso, et al,!
and Waldman, et al,? develcped novel processes specifically designed
to produce a much finer controlled grain morphology in 7XXX alloy
plate than is obtained with conventional prccessing. These processes,
referred to as Intermediate Thermal Mechanical Treatments (ITMT),
involve establishing preliminary structures amenable to recrystalli-~
zation by applying appropriate thermal treatments prior to working
at lower than conventional hot working temperatures (warm working).*
These treatments introduce a relatively high degree of strain
hardening which promotes recrystallization to fine, relatively
equiaxed grain structures during subsequent thermal treatment. The
ITMT products can be utilized either in this as-recrystallized con-
dition (AR) or after subsequent hot rolling to elongate the grains
(AR+HR) .

Properties reported by these investigators have been very

promising. DiRusso, et al,! reported that 0.4-in. thick super

*The processes employed by DiRusso (ISML-ITMT) and by Waldman
(FA-ITMT) differ in the thermal practices prior to warm rolling.
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purity (0.0013% Fe and 0.004% Si) 7075-T6 plate fabricated using

ISML~ITMT processes exhibited higher longitudinal and long-transverse
ductility and toughness and short-transverse stress-corrosion prop-
erties than were exhibited in conventionally produced super purity
7075-T6 plate of the same gauge. Waldman, et al,? using super purity
(0.01% Fe and 0.01% Si) 7075 ingots fabricated 0.4 and 0.7-in. thick
plate using FA-ITMT and conventional processes. The specially
processed plate developed higher ductility as measured by recduction
in area of long-transverse tensile specimens, and the reduction in
area increased as the mean grain thickness decreased. Waldman, et al,3
also disclosed that 1.0-in. thick super purity (0.02% Fe and 0.02%
Si) 7075 plate fabricated using FA-ITMT processes, both (AR) and
(AR+HR), had higher fracture toughness in the longitudinal and long-
transverse directions in the T6, T76, and T73 tempers than did
commercially produced 7075 plate in similar tempers.

Another method for improving the strength~fracture toughness
relationship of 7XXX alloys is the use of a combination of special
thermal and mechanical treatments following solution heat treatment
and quenching called Final Thermal Mechanical Treatment (FTMT). The
FTMT procedures, which have been extensively investigated,ls%~8
involve generally a preage at an artificial aging temperature prior
to mechanical working and a second artificial aging treatment following
the mechanical working step.

The goals of this contract were to explore and develop
industrially viakle schedules for producing aluminum alloy plate with

significantly improved plane strain fracture toughness at two target
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yield strength levels, (a) 60 to 70 ksi, (b) 70 to 80 ksi. The
approach was to use ITMT processes to develop two types of grain
structure in 1.25-in. to 2,50-in. plate of high purity Al-Zn-Mg-Cr
alloys with and without a Cu addition. One target structure was

fine recrystallized grains (AR), the other was a hot worked, fine-
grain structure that had ruecrystallized at an intermediate step
(AR+HR) . Unrecrystallized (HR) 7475 plate was produced for comparison
with ITMT processed plate from the same ingot, and results are also

compared with data on commercial 7475 and 7075 plate.

MATERIAL AND PROCEDURE

Alloy and Composition Selection

Alloy 7475 and an experimental Cu-free Al-Zn-Mg-Cr alloy
were selected for the program. Alloy 7475 is a modification of
7075 that has the Fe, Si, and other impurity elements restricted to
the lowest values that are considered to be commercially practical.
The Cu-free Al-Zn-Mg-Cr alloy contained slightly more Zn and Mg than
nominal 7475 so that it would develop strength comparable to that of
7475. It was included because Cu-free Al-Zn-Mg-Cr alloys are
weldable. The Fe and Si contents of the experimental alloy were
controlled to the same limits as those of the alloy 7475.
Ingot

Direct chill (D.C.) ingots, 12in. x 38 in. x 100-in.,
were used for this program. The ingots were stress relieved at
575°F, cropped, scalped to a thickness of either 9.25 or 10-in.,

and sawed into rolling sections (Figure 1). The compositions of
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: the ingots were determined on analytical samples cast with the
. ingots:
Alloy S. Number Si Fe Cu Mn Mg Cx Zn Ti
7475 418967 0,06 0,12 11l.65 ©.,00 2.35 0.23 5.7¢ 0.01
7475 421675 0.04 0.07 1l.64 0.01 2,23 0.17 5.62 0,01
7475 4226223,B,C 0.07 0.65 1.70 0.02 2.40 0,18 5,80 (.00
Al-Zn-Mg-Cr 422014 0.04 C.06 0.00 0.00 2.51 0.22 6.47 0.00

Fabrication and Thermal Practices

In the previous ITMT investigaticns,!s2,3 thermal treatment
' temperatures conventional for 7075 and up to about 9C0°F were em-
ployed. Prior Alcoa investigations? had demonstrated beneficizl
effects of higher tel.perature and 960°F was employed extensively in

the present invescigation for ingot preheat, intermediate recrystal-

lization, and final sclulion treatments.* Salt baths were emplcyed

2 in the prior investigations; in the present case, all thermal ¥
Q treatments were performed in circulating air furnaces. Woerk reported :
é in Appendix A showed that the warm rolled 7475 plate recrystallized
é, at 960°F for up to 20 hours cdeveloped the same grain size as comparable
. samples recrystallized for orne hour at 8€0°F, recarcéless of heatirg
3
- rate or furnace typre. In various parts of the precgram, thermal treat- 14
: X
£, ments at 860°F were used tec provide direct compariscon cf results g
s 4%
B at the two temperatures. The treatment variants that included 860°F i
;) tg,
? heating corresponded to ISML-ITMT and FA-ITMT practices. '%
. >4
b . . 13
£ For comparisorn and control at varicus stages of the ITMT -%
2N R
e = . . . ’:fg‘
' process development, sections of the same ingot used fcr specieal i
3 RS 1
& ¥
? “ *The use of 960°F thermal treatments on nonhcmogeneous material gg
b requires a presoak at lower temperatures to eliminate eutectic- 1
5 . forming phases. g
1
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processing were fabricated by a completely hot rolling practice which
produces an unrecrystallized structure (HR).
oMY

The ITMT process development and evaluation proceeded
in four phases, the principal variants of which were warm rolling
temperature and reduction. These factors strongly affect roll pres-
sures, susceptibility to cracking or alligatoring, and the re-
crystallized grain size, which should be as fine as possible. Since
workability ané grain size are favorably affected in opposite
directions by these warm working variables, there is a trade-off
relationship between commercial viability and the metallurgical
structure objectives.

Phase I. Rolling schedules for 7475 and the experimental
Cu~free alloy to produce final gauges of 1.25 and 2.50~inches
involving combinations of hot (750°F) and warm (600°F) rolling were
followed as detailed in Tables 1 and 2. Warm (€00°F) rolling
reductions of up to 75% were applied directly to ingot rolling
sections and to previously hot rolled material. Recrystallization
treatments (960°F) were applied either =t final gauge (AR) or at
an intermediate gauge followed by 50% hot rolling reduction (AR+HR).
Grain count data for these materials are tabulated in the tables.,

Phase II. In an effort to achieve finer grain structures,
warm rolling temperatures frem 500 to 575°F were used in the second
phase (Tables 3 and 4). Difficulties with alligatoring were

encountered in applying large warm rolling reductions directly to
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non-beveled 7475 ingots at 500 and 550°F. Grain count data obtained
with 7475 warm rolled at 575°F were not greatly different than those
observed in the Phase I material.
Phase III. Practices employed are described in Talble 5.

To obtain reductions >65% by warm rolling at 500°F, the entry end
of ingot rolling sections or cf previously hot rolled slab were
beveled by sawing (Figure 2) prior to warm rolling to prevent
alligatoring., Using the beveled rolling pieces, reductions cf 81

' to B8% were successfully apprlied at 500°F to inget sections and 75%
(higher reductions not attempted because cf final thickness require-
ments) to previously hot rolled matexrial. Accordingly, items were
rolled to final 1.25-inch gauge entirely at 500°F by Alcoa Laboratories
(S. No., 422622E1) and by Frankford Arsenal (S. Nos. 427506 and
427507), the latter employing recrystallizaticn and solution heat
treating temperatures lower than 960°F in salt kaths. Other sections
were fabricated employing preliminary hot rolling followed by 75%

warm (500°F) reductions and final recrystallizaticn (HR-WK~AR) cr

intermediate recrystallizaticn followed Ly 28% final hot rolling

A7 ? 3353 Pt TICTST
R T Ty A RO

. reduction (HR=-WR-AR-HR).

L DA,

Grain count data included in Table 5 show that much finer

oy e
2 RO

; grain sizes were prcduced by application of the lower temperature

A

2GS

%3
Ry

(500°F) warm rolling operaticns preceding recrystallizaticn

PR oS
3 SIAL

A
b
S

treatnent.

To assist in selection of the fabricating practices employed
- ir the final phase tc produce material for more complete evaluaticn,

b tensile, notched-tensile anéd fracture touchness data were obtained
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from material produced in all three phases. This also served to ‘
extend the range of fabricating variables covered by the mechanical
property evaluations.

Phase IV. The final phase was designed to provide more

complete three direction mechanical property evaluation and unequivo-

cal correlation of these properties with the different grain

e g | T et T —
B LR N e A et

morphologies unconfounded with differences in composition or particle

morphologies derived from thermal practice variations. Using three

R iy

T
e

rolling sections cut from a single ingot, three rollincg schedules

2 o
LEad
I

were employed to produce hot rolled, unrecrystallized (HR); fine-

RS LA

grain recrystallized (AR); and fine-grain recrystallized plus hot

2h]

A<

F:
3
£

rolled (AR+HR) plate. A final gauge of l.5~inches was selected to

%
=

provide for maximum warm rolling reduction consistent with use of

k.
s

f reasonable ingot breakdown reduction by hot rolling with further

allowance for final hot rolling. This gauge was the minimum that

& permits satisfactory short-transverse direction mechanical property

evaluation.

«

e AR

Use of the same thermal treatments (960°F) throughout was

intended to eliminate any differences in morphology of second-phase

Y

¥
7
+

=y

ke insoluble constituent particles and high temperature solid-state

.0

2

v e d
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precipitate (Al,,Mg,Cr dispersoid). Fabricatingpractice details are

summarized in Table 6. The ITMT practices produced fine grains. i

; Details of all the ITMT fabricating practices employed in B
;‘ the four phases are illustrated by flow charts in Figures Bl through 3
Bl6 in Appendix B.
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FTMT

After a review was made of the varicuc FTMT practices de-
scribed in the literature, an FTMT practice developed for 7475 sheet
at Frankford Arsenal® was selected for evaluation because it could
be readily applied to 1.25-in. thick 7475 plate. The Frarkford

. practice consisted of solution heat treatment, quenching, preaging

€ hrs at 220°F, cold rolling, ané final artificial aging at 250°F. 1In

the work reported here, 8in. x 12-in. pieces of 1.25-in. thick 7475

;; plate having either a recrystallized plus hot rolled structure

'E (8~4226227) or an unrecrystallized structure (S-422622C2) were used.
i‘ The FTMT practice used consisted of solution heat treating at 960°F,
; cold water guenching, preagirc 6 hrs at 220°F, cold rolling 1C, 15,

i? cr 20%, and firal artificial aging at 25C°F for 8, 16, or 24 hrs.

? ‘the fabricating cetails are given in Figure B17 in Rppendix B.

Grain €ize Determinaticns

% ‘ The grain size was determined at the midplane cf 1.00-in.

f; to 2.50-in. thick plate from grain count measurements made micro-
scopically using the linear intercept methcd. Materials prcduced

in Phases I and II were examined only in the longitudinal/short-
transverse plane, while measurements were made in this and in the
long-transverse/short-transverse plane for most of the iterns produced

in Phases III and 1V,
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Mechanical Property Determination

The location, number, and type of specimens used to deter-
mine the properties and grain size of the 7475 and Al-Zn-Mg-Cr alloy
plate are described in Figures 3 and 4. The notched tensile and
compact tension fracture toughness specimen configurations are showin
in FiguresCl, C2, and C3 of Appendix C. Notched tensile and fracture
toughness tests could not be made in the short~-transverse direction
on samples of 1.0C-in. to 1.25-in. thick plate because of cspecimen
size limitations.

None of the candidate plane strain stress intensity fracture
toughness test measurements, KQ, were valid KIC values because one
or more of the criteria specified by ASTM E-399 were not met, i.e.,
specimens not thick enouch, fatigve crack toco short, or curvature of
fatigue crack exceeded allowvable variation. The criteria which were
not met, however, were not far beyond the specified limits. Conse-
gquently, the K. values obtained are considered to be meaningful for

Q
comparing relative fracture toughness of the various samples of plate.

RESULTS AND DISCUSSION

The experimental allcy Al-Zn-Mg-Cr plate developed a duplex
grain structure which was attributed to the presence of twin columnar
grains in the ingot. When this structure was detected, additional
fabrication of the experimental alloy plate was stopped, and efforts.
cencentrated on éeveloping the target recrystallized grain size in
7475 plate.

Grain counts and complete mechanical property data for

both alloys are presented in Tables 7 through 18. All of the
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nmechanical property values reported are the arithmetic ..n2n, € values
determined in duplicate tests. In the following paragraphs the
effects of ITMT fabrication practice on grain dimensions are discussed
first, then the cffects of grain structure cn mechanical propecrties.
The relationships between the grain dimensions and the ductility and
toughness of recrystallized plate are examined next, followed by
structure analysis of plate fabricated from pieces of a single ingot
with no differences in thermal history during fakrication other than
rolling temperaturc.

ITMT cf 7475 Plate

Grain Dimensions vs Fabrication Variakles. The ITMT fabri-

cating practices used in this prcgram were designed to evaluate mcre
thoroughly than hac¢ been possikle in previous investigaticns the

merits of the nonconventional processing and to explore the possibility

‘2"57’"3";&22?;2?" Y 5

e

of developing a commercially viable ITMT process. They were not

PN

designed to optimize or survey completely the effects of individual

fabricating variables in the ITMT process. Thus, the warm rollirng

temperatures, reductions during warn rolling, and reducticns during

the initial hot rolling cf the ingot (ingot breakdcwn) at 750°F were

R e

‘

not changed in a systematic fashion, so the individual effect of each

o

fabricating variable on grain dimensions of the plate is difficult

to determine.

s vt ndtedediom

The grain counts, average grain dimensions calculated from

e S o s
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the grain counts, and the corresponding fabricating variakles for

P

. the 7475-16 plate are given in Takle 19. Three dimensional photo-

SRR

nmicrograrhs at 100X of the various plates in T6é temper are 'inclucded
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as Figures 5 through 16. Figures 5 through 9 show the ITMT (AR+HR)
recrystallized plus hot rolled structures, Figures 10 through 13
show the ITMT (AR) recrystallized structures, and Figures 14 through
16 show the structures of the (HR) unrecrystallized 7475-T6 plate
fabricated by hot rolling only. The grain thickness, grain length,
and aspect ratio (average grain cdimension in the longitudinal
direction divided by average grain dimension in the short-transverse
direction) of the grains (Table 19) are plotted as functions of the
reducticn achieveé during warm rolling in Figures 17 ané 18. No
exact relationship between the grain dimensions and the different
fabricating variables could be established but the following indica-
tions with respect to the 1.25 and 1.50-in. plate were noted:

1. Increasing the reduction during warm rolling prior

to the recrystallization treatment decreased the
thickness of the recrystallized grains anéd had no
consistent effect on their length.

2. The reduction by warm rolling required to oktain

the desired small grain thickness and length was
lewer when the warm rolling was preceded by hot
rolling at 750°F (ingot breakdown) than when the
ingot was warm rolled immediately.

Hot rolling the ingot at 750°F followed by warm rolling 75%
at 500°F produced the desired fine grain, recrystallized structure.
Due tc limitations on the thickness of the rolling sections, the
desired degree of grain refinement was not cktained in the 2.5C in.

thick plate.

Crain Structu:. vs Mechanical Properties. The tensile

properties, notched tensile strength/yield strength ratios, and KQ

values oktained on the samples of 7475-T6 plate are presented in
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detail for the 1.25-in. thickness in Tables 7 through 9 and for
the 2.50-in. thickness in Tables 1l through 13.
Elongation, reduction in area, notched tensile strength/

yield strength ratic, and K, values are plotted as functions cf

Q
yvield strength for each of the three test directions, lcngitudinal,
long-transverse, and short-transverse, in Figures 19 through 21,
respectively. Data for both plate gauges are included in Figures
19 arnd 20; only the thicker material can be used for the Ficure 21
comparisons. Coded symbols distinguish between cata for the twc
gauges, for the three major process variants, (AR+ER), (AR), and (HR),
and for the two temperature variants (960°F), (860-900°F). Included
in these figures are lines rerresenting the upper and lower bounds
of the rreviously determinec relatiornships between the toughness- and
guctility-related preperties and the yield strength for comnmercially
hot rcliled plate of alloys 7475 and 7075 in T€51, T7651, and T7351
tempers (gauge range 1.30 tc 2.62-in.).
The data reveal several sigrificant points:
1. The lcngitudinal ané long-transverse yield strengths
cf the recrystallized (AR) 7475-T6 plate were
slightly lower than those of either the unrecrystal-
lizeéd (ER) or the recrystallized plus hot rollec
(AR+ER) materizl, while the short-trarsverse yield

strength variaticrns shcwed no systematic relation
to the process variables.
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2. The lcngitudinal and long-transverse ductilities
(elongation and reduction in area values) cf the
recrystallized (AK) and the recrystallized plus
hot rolle¢ (AR+HR) material were generally higher
than those of the unrecrystallized (HK) material.
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- 3. The longitudinal and long-transverse NTS/YS ratios
cf the recrystallizeé plus hot rolled (AR+HR) and
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the unrecrystallized (HR) plate lie within the band
established for commercial hot rolled 7475 plate in
the T651, T7651, and T7351 tempers, the K, values
for the recrystallized plus hot rolled (AS+HR) plate
are in the lower half of the band for commercial

hot rolled 7475 plate, and the K, values for thco
unrecrystallized (HR) plate are in the upper half

or above the band for commercial hot rolled 7475
plate.

4, The longitudinal and long-transverse fracture tough-
ness (NTS/Y¥S and Kp values) of the recrystallized (AR)
plate were general%y below the kand for commercial
hot rolled 7475 plate in the T651, T7651, and T7351
tempers and above the band for commercial conventionally
kot rolled 7075 plate in the T651, T7651, and 17351
tenpers.

fechanical Properties vs Grain Dimensions. The effect of

grain dimensions on the propertiecs of the samples of lakoratory-
fabricated 7475-T6 plate cannot be even speculatively determined from
Figures 19 through 21. Because of the wide range cf yield strengths
and indications that the other mechanical properties were influenced
by yielé strength and plate thickness, an estimate of the effects of
these variables, vield strength and plate thickness, on the longi-
tudinal, long~transverse, and short-transverse elongation, reduction
in area, notched tensile strength/vield strength ratic, and KQ values
was attempted using multiple regression aralyses sco that ductility
and toughness coulé be compared on the basis of equivalent yield
strergth levels. Yield strength, plate thickness, Fe content, plate
structure (AR, AR+HR, and HR), and grain dimensions were used as
independent variables, ané the coefficients determined by the regres-
sion analyses were used as estimates of the effect of each independent
variable on a given property. The large charge in the coefficient

for yield strength, plate thickness, and Fe content, in some cases
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from a negative tc a positive value, with the selection of the in-
deperdent variables representing plate structure and grain dimensions
was unfortunate. This large change in coefficients is shown by the
listing of the individual coefficients for the longitudinal propertles
in Talble D1, Appendix D.
Because of the larye vari.tion in coefficients indicating

. the effect of yield strength, plate thickness, and Fe content cn tkhe
ductility and toughness of the plate, the properties were not
rnormalized. Thus, the elongation, reduction in ares, notched tensile

strength/yield strength ratios and K, values (Tables 7, 8, 11, and

Q
12) are plotted as functions cf grain thickness in Figures 22 through
24, of grain length in Figures 25 through 27, and of grain aspect
ratio irn Figures 28 through 30. The parameter of grain thickness
used ‘n Figures 22 through 24 was the same parareter used by Waldman?
in plotting the data from C.4-in. and 0.7-in. thick plate.

The plots in Figures 22 through 30 show no significant
change in the lcngitudinal, long-transverse, cor short-transverse
elcngation, notched tensile strength/vield strength ratic, or KQ
values for the plates having & re rystallized (AR) or a recrycstal-
lizea plus hot rolled (AR+ER) s*.ucture with dccreasing grain thickness,
decreasin¢ grain length or increasing grain aspect ratio. There
is some indication that the reduction in area increases with
decreasin¢ ¢rain size.

Ductility and 1cughness vs Microstructure. The mechanical

. properties (Table 10) of the 1.50-in. thick 7475-T6 plate fabricated

to “evelop e recrystallized structure (AR), a recrystallized plus

15
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hot rolled structure (AR+ER), and an unrecrystallized structure (HR)
are plotted as functions of yield strength for each testing direction
in Figure 31l. Also plotted in Figure 31 are bands (upper and lower
bounds) showing the relationship between yield strength and notched

tensile strength/yield strength ratio and K. _ values previously

Ic
determined for commercially hot rolled 7475 plate. Comparison of

these plots with Figures 19 through 21 show that the higher Fe

content in the 1l.50-in. thick plate in ccmparison to those in the
1l.25~in. and 2.50-in. thick plate, i.e., 0.12% Fe in the former vs

.05 to 0.07% Fe in the latter, prcduced lower notched tensile strenath/
yield strength ratics and K, values. The relationship Letween the

Q
9 notched tensile strenath/yvield strength ratics and K

Q values for the

three different plate structures (AR, 2R+HR, and HR) remained the

4 same as noted in the other comparisons. 1In an effort to explain these

results, analyses were made cf smooth and notched tensile data

AT

(Appendix E) and a detailed microstructural eramination was made on

g' samples of the plate (Appendix F). The results of the analyses

f described in Appendix E indicated that the recrystallized structure

g was more notch sensitive than either the recrystallized plus hot

% rolled or the unrecrystallized structures. The results of the micro~

structural examirations shcwed that the fracture toughness increased

as the proportion of intergranular fracture decreased. The relative

proportion of the intergranular fracture was related to the population

SRS

x’-‘.“-{-.é:%'u

and size of large particles at the grain boundaries in addition to

those effects atiributable simplv to grain boundary morphology, in
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. particular, the relative orientation/grain boundary area relaticn-

ships normal to the directicn of tension. Some of the particles
present at the grain koundaries were identified as having originated
by precipitaticn during quenching.

To reduce the amount of such precipitate at the grain
boundaries, 0.6-in. dia. cylindrical blanks were machined from the
three types of plate. The blanks were heat treated, quenched in
cold water, aged to the T6 temper and machined to 0.357-in diameter

smooth specimens ané 0.500-in. diameter nctched tensile specimens.

Ot

Analysis of the smooth and notched tensile data from the more ragidly

3 Dipoas

guenched reheat treated specimens shcwed that thc notch tencile
strengths of all three structures increased but that the recrystal- ;%
lized structure was still the most notch sensitive structure. Micro-
scopic (TEM) examinaticrn of the rapidly gquenched material showed a k1

reducecd number of precipitate particles at the grain lkoundaries irn ;

T gt Wl

the recrystallized and the recrystallized plus hct rollec¢ raterial,
but particles identified as Al,Cu,Fe constituents were unaffected by :

the reheat treatment.

ALy £ ot > Lo RS

S o e s,

Analysis of the results of the microstructural examirations

of samples from the plate heat treated at full thickness (Appendix

iR g st

F) indicated that differences in the dislocation substructures

strongly affecteé the ductility end the fracture toughness. The re-

¢

crystallized grain structure, whiich develcped high ductility, was
essentially free of dislocations In contrast with the unrecrystallized

structure, which ccntained dislocaticns within subgrains and along

AR T T

=~

cell walls. Dislocaticns generated during defcrmation cf the
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recrystallized structure interacted with the grain boundaries,
however, and provided low resistance to coalescence of voids
nucleated by fracture or decohesion of particles at the grain
boundaries. The resultant low toughness, intergranular fracture
was significantly different from the high toughness, transgranular
dimpled rupture mechanism initiated by Al, ,Mg,Cr dispersoids pre-
dominantly within the grains of the unrecrystallized material.

Summary -~ ITMT Processing of 7475 Plate

Rolling temperature and the amount of reduction were the
main variabhle factors in the present investigation which were used

to centrol the grain structure and resultant mechanical properties.

T TR A T AP 5

Q For the 7475 plate, reductions of at least 75% at a temperature
% near 500°F procduced a fine, relatively equiaxed grain structure (AR)
? containing few dislocations and a relatively large number of particles

along the grain boundaries. Plate having this structure developed
¢ slightly lower strength, higher ductility (reduction of area in

smooth tensile specimens), and lower fracture toughness (NTS/YS

dislocations within subgrains and along cell walls. Eot rolling the

3 recrystallized structure at 750°F produced a structure after solution
heat treatment that consisted of elongated recrystallized grains
containing polygonized cells. This structure developed strength
comparakle tc that of the unrecrystallized material with better
ductility, egual notch toughness, and somewhat lower fracture

toughness (KQ).
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. FTMT of 7475 Plate

The results of long-transverse tensile and notched tensile
tests made of the samples of 1.00-in. to l.l6-in. thick 7475 plate
given the various FTMT practices are summarized in Table XX. The
thickness of the plate samples dictated use of only 0.5-in. diameter
notched tensile specimens as a measure of toughness. Comparison of
the notched tensile strength/yield strength ratios determined on the
FTMT plates with ratios oktained on thicker 7475 plate tested using

. 1-1/16-in. diameter notched specimens required that the ratios

obtained using 0.5-in. diameter notched specimens be converted to

ratios expected from 1-1/16~in. diameter specimens. The ratios were !

T e
RN R By A

converted using correlations established at Alcoa Laboratories.

S

e

In order to compare toughness over a range of yield ¥

2

ST

strengths and provide for any differences in response to final

T

artificial aging arising from possible prior strain effects on aging

Lo

%

rate at 250°F, three aging times at this temperature were used, i.e.,

egd b i 5

8, 16, and 24 hours. There was no consistent change in yield

L L L T R I

strengths or notched tensile strength/yield strength ratios with

e 2

ks ] increasing aging time at 250°F for the various amounts of cold rolling.

PR

Therefore, the yield strengths, reduction in area values, and notched
b ‘ tensile strength/yield strength ratios obtained for the three aging
times were averaged for each amcunt of cold rolling.

The average, maximum and minimum yield strengths, reduction
in area values, and notched tensile strength/yield strength ratios
for the various samples of plates are plotted as functions of per-

cent reduction applied during cold rolling in Figure 32 and as

19
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functions of the yield strengths in Figure 33. Also included in
Figure 33 are two bands, one representing the notched tensile
strength/yield strength ratio versus yield strength relationship for
commercially-hct rolled 7475 plate and the other for conventionglly—
processed commercial 7075 plate. The plots in Figure 32 show that
the yield strength increases and the reduction in area and notched
tensile strength/yield strength ratios decrease with increasing
amount of cold work for plate having either an initially recrystal-
lized plus hot rolled structure (AR+HR) or an unrecrystallized
structure (HR). The yield strengths increased at a slightly higher
initial rate and the notched tensile strength/yield strength ratios
decreased at a slightly lower rate with increasing amounts of cold
rolling fo. the unrecrystallized (HR) plate than for the recrystal-
lized plus hot rolled (AR+HR) plate. The reduction in area values
for the recrystallized plus hot rolled plate (AR+HR) were con-
sistently higher than those for the unrecrystallized plate (HR).
The data in Figure 33 show that the use of FTMT practices
produced yield strengths exceeding the expected range for either
7475 or 7075 in the T6 temper. The notched tensile strength/yield
strength ratios of the FTMf material fall at and below a linear

extrapolation of the lower edge of the band for commercially-hot

rolled 7475-T6é. The notch toughness of the FTMT-processed recrystal-

lized plus hot rolled (AR+HR) material was somewhat lower than that
of the FTIMT-processed unrecrystallized (ER) material for a given

yield strength.
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- The greater the amounts of cold rolling used, the closer
the notch toughness approached that of 7075. The data indicated,
Ihowever, that the use of FIMT practices on 7475 plate will produce
an improvement in the strength-fracture touchness relaticnship over
that which would be cxpected with similarly processed 7075 plate.
Mocreover, the data clearly indicate that recrystallized plus hot
rolled (AR+HR) 7475 plate develops hicher ductility than unrecrystal-
lized (HR) 7475 plate when given a FIMT-type practicec.

ITMT of Al-Zn-Mg-Cr Plate

Results cf the meclanical prcperty tests made on the

samples of 1.25~in, and 2.50-in. thick Al-2n-Mg-Cr alloy plate in
the T6 temper (Takles 14 thrcugh 18) show that the Al-Zn-Mg- Cr
alloy plate developed strengths that were comparakle to those of

the 7475-T6 plates and notched tensile strength/yield strength ratics

that were substartially lower than thcse of 7475~T€.

Fabricaticn of 7475 Plate feor Ballistic Evaluation

PO T TS

R

The results of the mechanical prcperty tests ané optical

9 microscopic examinations macde on the samples of 1.25-in. and 2.50-in. ~§
thick 7475-16 ané Al-Zn~Mg-Cr alloy T€ plate fakricated using ITMT "

: practices and on 1.00-in. to 1l.16~in. thick 7475 plate fabricated %
using FTMT practices were reviewed and discussed with perscnnel at %

Franhkford Arsenal, 2s a result of these discussions, twoc practices lg

were selected tc ke used in the fabrication cf 1.00-in. thick 7475 g

.

plate for ballistic evaluation. These two practices are described ‘§

in Table 21 ard the éetails of the practices are giver. in Figure B18 Vg

P

b

in Appendix B of this report. %
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The first practice was designed to produce 1.00-in. thick
plate having a fine grain, recrystallized plus hot rolled (AR+HR)
structure and a long-transverse yield strength in the range of 60
to 70 ksi. The structure and strength were to be obtained by.the
use of an ITMT practice and overaging to a T7X temper. The second
practice was designed to produce plate of the same thickness having
a finc grain, recrystallized plus hot rolleé (AR+HR) structure and
a long-transverse yield strength in the range of 70 to 60 ksi. The
structure ané strength were to be obtained by combining an ITMT
practice with an FIMT practice.

Thirty pieces 1.0-in. x 9-in. ¥ 18-in, of 7475 plate
were fabricated at Alcoa Laboratories using the first practice and
thirty-eight pieces of the same dimensions using the second practice.
These were supplied to Frankford Arsenal for ballistic evaluation.

Microstructures and tensile properties oktained on a
sample of the plate fakricated by each practice are included as
Figures 34 and 35. Fine arain, recrystallized structures were
obtained in both plates and the long-transverse yield strengths

were in the desired range.

CONCLUSICNS

The results of the work carried out under this contract
showed the following:
1. An ITMT practice consisting of warm rolling at 500°€ fo; a
reduction of at least 75%, followed by a recrystallization

treatment at 960°F, produceé fine-grained, relatively equiaxed
recrystallized structure (AR) in 7475 plate.
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Alloy 7475-T6 plate having this recrystallized (AR) structure
had slightly lower strengths and fracture toughness and higher
ductility than laboratory or commercial 7475~T6 plate having
an unrecrystallized (HR) structure.

3. Alloy 7475-T6 plate that was recrystallized to a fine-grain
size, then hot rolled 25% at 750°F had strengths similar to,
and ductility higher than either laboratory or commercial
hot rolled unrecrystallized 7475-T6 plate and had fracture
toughness similar to commercial hot rolled 7475-T6 plate but

. slightly lower than laboratory hot rolled 7475-T6 plate.

54 BRI ITA G IR I3 ek s

4, The lower toughness of the 7475-T6 plate having a recrystallized
(AR) structure is attributed to a higher proportion of inter-
granular fracture.

5. Al-Zn-Mg-Cr (Cu-~free) alloy plate in the T6 temper having
either a recrystallized (AR) or a recrystallized plus hot
rolled (AR+HR) structure had comparable strengths and lower
toughness than 7475-T6 plate with the same structures.

6. FTMT practices applied to 7475 plate developed strength-
toughness relationships generally superior to the+ of 7075-T6
plate.
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MAG: 100X ETCH:KELLERS
1.25" THICK 7475-T6 PLATE S-427507 :
-
INGCT SLAB RECRYSTALLIZATION PLATE 1 %
ROLLING GRAIN COUNT fg
THERMAL™  _ ROLLING THERMAL® _ROLLING THERMAL'® AT 750°F  SOLUTION™ gmm _ g/mm P
TEMP RGD THICK TREATMENT _ AGD  HEAL.TREAT X Y 2 _xv2 ‘%
&%

TREATMENT TEMP RGO THICK  TREATMENT

I

48h/B60FR Sopor e NONE 190 10n/B60°F  35%  3hOOF 13 8 52 5408 3
Shi/725°F #
(1) THERMAL TREATMENTS CARRIED OUT IN A SALT BATH %
H

PROPERTIES

T.8. V.S. EL R.A. N.T.S. N.T.S. Kp
ksi _lﬂ_ % % kst Y.S. ksivin. ,

804 704 161 24 862 137 386
789 687 146 24 81.5 119 301

OR
L
T
N 788 696 80 N.D. ND. ND. ND.

R Nt L T

¢

MICROSTRUCTURE AND PROPERTIES OF 1.25" THICK RECRYSTALLIZED PLUS
HOT ROLLED (AR + HR) 7475-T6 PLATE S-427507 -

Figure 5
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MICROSTRUCTURE AND PROPERTIES OF 1.25" THICK RECRYSTALLIZED PLUS
HOT ROLLED (AR + HR) 7475-T6 PLATE S-422622-A
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MAG: 100X ETCH:KELLERS
1.25" THICK 7475-T6 PLATE S-422622-81

INGOT SLAB RECRYSTALLIZATION PLATE
ROLUING GRAIN COUNT
THERMAL'™  ROLUING THERMAL'™  ROLLING THERMAL'™ AT 750°F  SOLUTION g/mm g/mm}

g L 2 0 s S
R “*,‘N&"p‘;h' SRV LT 3

TREATMENT TEMP RGD THICK  TREATMENT TEMP H8GD THICK  TREATMENT RGO HEAT-TREAT X v _Z _xvZ

ey

RO R e s,

6hr/860"F} 2h1/960°F
200/960°F f 750°F 30% 70" 2n/7TS°F ) S00°F 75% 3750  10M/960°F  28%  2hi/960°F 22 14 6D 18480
Ahe/S00°F

P

(1) THERMAL TREATMENTS CARRIED OUT IN A CIRCULATING AIR FURNACE

Srea?

PROPERTIES

S ey ey s

e e A R S T S

T.S. Y.5. E RA. NT.S. NTS. Kq
Kksi ksi % % ksi  Y.S. ksivin.

SN S,

=]
E)

? L 838 734 164 21 989 135 426
G T 824 720 136 27 982 136 324
5 N 799 675 130 N.D. N.D. N.D. N.D.
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MICROSTRUCTURE AND PROPERTIES OF 1.25” THICK RECRYSTALLIZED PLUS
HOT ROLLED (AR + HR) 7475-T6 PLATE S-422622 B
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MAG: 100X ETCH:KELLERS
1.50" THICK 7475-T6 PLATE S-418967-50
INGOT SLAB RECRYSTALLIZATION PLATE
ROLLING GRAIN COUNT
THERMAL®™ _ROLLING THERMAL® _ ROLLING THERMAL® AT 750°F  SOLUTION® g/mm g/mm?

TREATMENT  TEMP RGD  THICK ~ TREATMENT TEMP RGD THICK  TREATMENT RGD HEAT-TREAT X Y 7 XvZ

2h1/960°F
F
Sh/BSOFR 750°F 1% 8O ang7ISED SO 78% 20" Bh/SSIF  25% 2 M/ 24 11 62 16368
20h/960°F Ah/500°F

(1) THERMAL TREATMENTS CARRIED OUT IN A CIRCULATING AIR FURNACE

PROPCRTIES

T.S. Y¥.S. E  RA. NT.S. NT.5. Kg
ksi ksi % % ksi Y.S. ksiyim.

821 706 17 28 97.1 137 299
805 630 150 25 847 123 292
793 663 120 N.D. 792 120 290

(=}

MICROSTRUCTURE AND PROPERTIES OF 1.50" THICK RECRYSTALLIZED
AND HOT ROLLED (AR+HR)7475-T6 PLATE S-418967-50

Figure 8
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MAG: 100X ETCH:KELLERS
250" THICK 7475-T6 PLATE S-422622-G1

INGOT SLAB RECRYSTALLIZATION PLATE
ROLLING GRAIN_COUNT
THERMAL™  ROLLING THERMAL™  ROLLING THERMAL™ AT 750 F  SOLUTION®™ g,mm g/mm>
TREATMENT TEMP RGD THICK TREATMENT JTEMP RGD JTHICK TREATMENT _ RGD _ HEAI-TREAT X_ Y 2 _XW2
2 6hi/860°F .
£ 20hi/960F { 500°F 65% NONE 350" 10n/960°F  28% 20/950F 14 8 42 4704
3 % 2 T75F
B . ahi/500°F
4
B . 48
3 (1) THERMAL TREATMENTS CARRIED OUT IN A CIRCULATING AIR FURNACE
*g' iy
2 e PROPERTIES
., Vs
N .'\"‘ua T.S. Y.S. EL R.A. N.T.S. N.T.S. Kq
" -ff DIR ksi ksi % % ksi  Y.S. ksivin

; L 792 686 207 27 920 134 N.D.
er T 786 674 143 28 848 126 N.D. .
5:» N 77.7 652 130 N.D. 927 142 N.D. .

3 ' MICROSTRUCTURE AND PROPERTIES OF 2.50" THICK RECRYSTALLIZED PLUS o
S HOT ROLLED (AR + HR) 7475-T6 PLATE S-422622-G1 !
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‘3 5
‘ MAG: 100X ETCH:KELLERS
H 1.25" THICK 7475-T6 PLATE S-427506 3
fir. B
G ?
; INGOT SLAB RECRYSTALLIZATION PLATE f
it ¥
b ROLLING GRAIN_COUNT ]
B THERMAL™  ROLLING THERMAL™  ROLLING THERMAL™ AT 750°F  SOLUTION™ g/mm o/mms ¥
IREATMENT TEMP AGD THICK ~TREATMENT TEMP RGO THICK TREATMENT _ RGD  HEAL-TREAT X Y 2 X £
foie — —
48hi/660°F :
b Shi/775°F P 500°F  88% NONE 125 48h/860°F  NONE 30/900°F 18 12 61 13376
’; ah1/500°F L
f (1) THERMAL TREATMENTS CARRIED OUT IN A SALT BATH 4
3 PROPERTIES
by
i TS. Y5 EL RA NTS NTS. Kq
.‘;
L 785 686 193 405 950 138 336
; T 78.7 678 171 320 840 124 293
k N 80.9 711 140 N.D. N.D. N.D. N.D.

MICROSTRUCTURE AND PROPERTIES OF 1.25" THICK RECRYSTALLIZED
b (AR) 7475-T6 PLATE S-427506

«. y Figure 10
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3 MAG: 100X ETCH:KELLERS
i 1.25" THICK 7475-T6 PLATE S-421675-E61
b INGOT SLAB RECRYSTALLIZATION PLATE 1‘;_
i ROLLING ___ GRAIN_COUN! 9
([ THERMAL'  ROLLING THERMAL™  ROLLING THERMAL'™ AT 750 F  SOLUTION™ g mm g mm- 4
gl IREATMENT  TEMP RGD  THICK TREATMENT TEMP RGD THICK TREATMENT _ RGD  HEAT-TREAT X_ Y 2 _XW b
e
3 61,850 2he/960°F !
? 20h‘]'960'F} 750F 50% 50" 2h/775°F p S00F 75% 125" 10hr/960-F NONE 2hi/960F 30 23 48 33120 ;
e /980T Ahi/850°F 3
E 2
b (1) THERMAL TREATMENTS CARRIED OUT IN A CIRCULATING "AIR FURNACE g
H PROPERTIES Q
K TS. YS. EL RA. NTS. NT.S. Ko
. DR ksi ksi % % ksi  Y.S. ksi/mm.
L 752 648 136 40 957 149 402 k!
T 771 663 171 30 847 132 322 ;
N ND. ND NOD. ND. ND ND. ND. Rk

MICROSTRUCTURE AND PROPERTIES OF 1.25" THICK RECRYSTALLIZED
(AR) 7475-T6 PLATE S-421675-E61
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MAG: 100X ETCH:KELLERS
1.50” THICK 7475-T6 PLATE S-418967-40
NGOt SLAB RECRYSTALLIZATION PLATE
RULLING GRAIN COUNY
THERMAL'  _ ROLLING THERMAL™ _ROLLING THERMAL™ AT 750 F  SOLUHON™ gmm g.mm
IREAIMENT TEMP RGD THICK TREATMENT TEMP AGD THICK TREATMENT  RGD  HEAI-TREAT X Y 7 XV
2he/960°F
26""36“ T0F 35% 60" 2w/775°F) SGO°F 75% 1507  18hg960-F  NONE  2n960F 22 20 54 23760 ¥
On-360 £ ahi/500 F :
4

(1) THERMAL TREATMENTS CARRIEQD OUT IN A CIRCULATING AIR FURNACE

PROPERTIES

TS. YS. EL RA. NTS. NTS. Kq
DR kst ks % % ksi __Y.S. ksivin,

L 793 677 179 32 90.¢+ 133 324
T 80.2 685 157 22 8§21 120 275
N 793 674 80 N.D. 850 127 236

M B AN R AT

=
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MICROSTRUCTURE AND PROPERTIES OF 1.50" THICK RECRYSTALLIZED
(AR) 7475-T6 PLATE S-418967-40
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Figure 12
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MAG: 100X ETCH:KELLERS
250" THICK 7475-T6 PLATE S-421675-F3
INGOT SLAB RECRYSTALLIZATION PLATE
ROLLING GRAIN COUNT

THERMAL"' ROLLING THERMAL'" ROLLING THERMAL'' AT 750 F  SOLUTION'™ g mmn g/mnm?
TREATMENT LE_W: EEE !ﬂlﬁl_(_ TREATMENT ﬂﬂ_[‘ EES_D_ _T_iiEI_K- TREATMENT RGD HEAT - TREAT _X_ _V_ _Z. XYZ
o 6hr.860 F 10h1/960 F
71 200 960 F [600 F 50% 507 2n/960 F f 600°F 50% 2507 10he/960°F NONE 2he/960°F 9 § 24 1080 .{g
e 2 775 F /775 °F b
4t 650 F 4h1/650 F g
% (1) THERMAL TREATMENTS CARRIED OUT IN A CIRCULATING AIR FURNACE «gﬁ
#
PROPERTIES 1
1S, YS. E  RA. NTS. NT.S. Ko %
DR kst ksl % % ksi  Y.S. ksi/im. ]
> 8 2 — g
L 759 652 171 28 843 120 N.D. z
T 754 648 164 24 790 122 N.D. %
N 762 633 120 N.D. 912 144 ND. g
b
MICROSTRUCTURE AND PROPERTIES OF 2.50" THICK RECRYSTALLIZED
&
(AR) 7475-T6 PLATE S-421675-F3 E
Figure 13 f
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b MAG: 100X ETCH:KELLERS
3 1.25" THICK HOT ROLLED (HR) 7475-T6 PLATE S-422622-C2

PROPERTIES

T.S. Y.S. EL R.A. N.T.S. N.T.S. K@
DIR ksi ksi % % ksi Y.S. ksiv/in.

ety
e

L 837 740 132 17 99.3 134 499
T 804 707 107 12 928 131 4341
N

ARt

761 659 90 N.D. N.D. N.D. N.D. i

MICROSTRUCTURE AND PROPERTIES OF 1.25” THICK HOT ROLLED

0 .
SRS N EREN SRR

2 (HR) 7475-T6 PLATE S-422622-C2 %
; Figure 14 :
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MAG: 100X ETCH:KELLERS
L 1.50" THICK HOT ROLLED (HR) 7475-T6 PLATE S-418967-30
PROPERTIES

; TS. Y.S. EL R.A. NT.S. N.T.S. Kq
ksi ksi % % ksi  Y.S. ksivin,

83.8 730 150 19 99.8 137 409
813 703 157 21 90.0 1.28 326
814 671 100 N.D. 853 128 310

2
2
>

z - |

MICROSTRUCTURE AND PROPERTIES OF 1.50" THICK HOT ROLLED
(HR) 7475-T6 PLATE S-418967-30
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Figure 15
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AT OIS A AL AR, 5,02

R R T A T T

(N)

(L)

MAG. 100X ETCH:KELLERS
2.50"THICK HOT ROLLED (HR) 7475-T6 PLATE S-422622-C1

PROPERTIES

T.5. Y.S E R.A. N.T.S. NT.5S. Kgqg

DR ksi ks % %  ksi_Y.S. ksi/in.
L
T
N

839 744 110 12 98.6 133 N.D.
76.5 67.8 5.7 8 940 139 N.D.
73.0 602 100 N.D. 942 156 N.D.

MICROSTRUCTURE AND PROPERTIES OF 2.50” THICK HOT ROLLED
(HR) 7475-T6 PLATE S-422622-C1

Figure 16
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50 60 10 80 30
PERCENT REDUCTION BY WARM ROLLING
(.} INGOT BROKEN DOWN AT 750°F AND WARM ROLLED AT 570°-600°F
n INGOT BROKEN DOWN AT 750°F AND WARM ROLLED AT 500°F

INGOT WARM ROLLED AT 500°F

EFFECT OF WARM ROLLING REDUCTIONS ON GRAIN DIMENSIONS OF
1.25" - 1.50" THICK RECRYSTALLIZED AND RECRYSTALLIZED PLUS
HOT WORKED 7475-T6 PLATE FABRICATED USING ITMT PRACTICES

Figure 17
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EFFECT OF WARM ROLLING REDUCTIONS ON GRAIN DIMENSIONS OF
, ' 2.50" THICK RECRYSTALLIZED AND RECRYSTALLIZED PLUS HOT
; WORKED 7475-T6 PLATE FABRICATED USING ITMT PRACTICES
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ok . APPENDIX A
Recrystallizaticn Frocedure )

2 The use of a i0-hour at 9€0°F reqrystallizaticn treatment
3 i for the ITMT prccessed 7475 and Al-Zn-Mg allcy plate fakricated at
5 Alcoa Laboratories raised questions as tc the effect of time at
i % the recrystallizaticn temperature, the temperature at which re-
f{ 3 crystallizaticn is achieved and the time reéuixeﬁ te reach the
g‘ % ’ recrystallization temperature on the grain sire of the recrystai-
é{ g . lized plate. Answers to these questions were nc” aveilable and a
.
; limited irvestication was carried out at hlcoa Laberateories to
Z; obtain the desired arnswers. In this work, 1" x 1" x full thickness
;ﬁ f samples were sawed from plate samples after the warxm rolling cpera-
g ; tion and sukjected to varicus therral treatment.
i Samples of warm rolled plate fakricated using relling g
irf ¢ . sections 421675A, C, I, E, and T and 422Cl4a, C, D, E, and F were . %2
H ¢
f{ ] heated 4 hours at 86CG°F and 10 hours at 960°F using a circulating 'ig
5 air frrnace. Microscepic exanination c¢f the samples showed that %j
g#; § for each alley aré fakricat!cn practice the recrystallizaticn pro- EJ
?é; % cedure cf 10 hours at 9€0°r produced grain lengths and thicknesses é
igf % - that were the same or less then the grain dimensicre prcduced by the §
?,i P heating proccdure cf 4 hovrs at 8€0°F. Further work using samrles é

2 AR

of warn rolled plate fakhricated using rolling sections 421€75G, E,

R Y

J, L, and T ané 422014C, K, J, L, and I in which the samples were

6

{vly : heated to 960°F in 1 minute (salt bath), 30 minutes (circulating air

' furnace) and 3 lLcurs Iprocramred heatup in a circulat